resins. Both t h e column width and l e n g t h were considered d u r i n g scale-down. The width o f t h e column was determined t a k i n g i n t o consideration channel 1 i n g and f l o w d i s t r i b u t i o n . The length o f t h e column was determined considering a x i a l dispersion, e n t r y 1 ength, wave shape development, mass t r a n s f e r l i m i t a t i o n s , and aspect r a t i o . Rules o f thumb, experimental r e s u l t s , c o r r e l a t i o n s , and models were used i n t h i s development.
EXECUTIVE SUMMARY
Cesium i o n exchange w i t h actual Hanford tank waste i s being planned t o v e r i f y previously performed simul ant runs. I n order t o reduce cost and r a d i a t i o n exposure, small e r i o n exchange col umns are bei ng consi dered . Past studies have shown t h a t i n many cases, columns can be scaled successfully based on l i q u i d residence time only.
The purpose of t h i s study i s t o provide a t h e o r e t i c a l foundation f o r s i z i n g very small columns f o r actual waste t e s t i n g . The study was 1 i m i ted t o Neutral i zed Current Acid Waste (NCAW) and Doubl e-She1 1 S l u r r y Feed (DSSF) wastes w i t h Duo1 i ten CS-100 (Rohm and Haas) and r e s o r c i no1 -formaldehyde (R-F! resins. Both t h e column width and l e n g t h were considered d u r i n g scale-down. The width o f t h e column was determined t a k i n g i n t o consideration channel 1 i n g and f l o w d i s t r i b u t i o n . The length o f t h e column was determined considering a x i a l dispersion, e n t r y 1 ength, wave shape development, mass t r a n s f e r l i m i t a t i o n s , and aspect r a t i o . Rules o f thumb, experimental r e s u l t s , c o r r e l a t i o n s , and models were used i n t h i s development.
Minimum column dimensions are shown i n Table S.1.
I n order t o prevent s i g n i f i c a n t channelling and r a d i a l gradients, t h e column diameter must be a t l e a s t 1 cm and 1.9 cm f o r R-F and CS-100 resins, r e s p e c t i v e l y . The minimum column l e n g t h (aspect r a t i o = 1) w i l l not produce t h e same breakthrough curve as t h e 200 mL columns, but w i l l prevent poor feed d i s t r i b u t i o n and channelling and a1 low mathematical analysis o f t h e breakthrough curve. Longer col umns w i l l be required t.o r e p l i c a t e t h e performance o f t h e 200 mL columns. A 15-cm column i s suggested f o r a f l o w o f 6 c v l h r w i t h NCAW. Higher flow r a t e s w i l l not r e q u i r e as long o f column.
The 200 mL column i n t u r n appears t o produce breakthrough curves very s i m i l a r t o those t h a t would be produced by t h e Hanford Tank Waste Remediation System (TWRS) base1 i n e 2000 L i o n exchange columns. However, i f r e s u l t s identical t o t h e 2000 L column are required, a 200 mL column may not be s u f f i c i e n t since there may be elements of f i l m d i f f u s i o n resistance i n t h e 200 mL col umn t h a t are not present i n the 2000 L column. Further studies w i 11 be required t o determine t h e minimum length t o match t h e breakthrough curve o f the 2000 L base1 i n e column. I t i s p r e s e n t l y planned t o remove cesium from Hanford tank waste supernates and sludge wash s o l u t i o n s using i o n exchange. To support t h e development o f a cesium i o n exchange process, l a b o r a t o r y experiments produced column breakthrough curves using wastes simulants i n 200 mL columns. 'These t e s t s provided an understanding o f t h e process r a t e and t o a l i m i t e d e x t e n t t h e e q u i l i b r i u m behavior. To v e r i f y t h e v a l i d i t y o f t h e simulant t e s t s , c o l umn runs w i t h actual supernatants a r e being p l anned. S i g n i f i c a n t costs a r e associated w i t h o b t a i n i n g , t r a n s p o r t i n g , and t e s t i n g r a d i o a c t i v e waste samples. Use o f t h e minimum p o s s i b l e column s i z e requi r e s 1 ess r a d i oact i ve waste, fewer s a f e t y and dose consi d e r a t i ons , and fewer waste-disposal concerns. However, i f t h e t e s t -c o l umns a r e t o o small , t h e data obtained cannot be f u l l y u t i l i z e d and cannot u l t i m a t e l y be used t o scale up t o production scale columns.
PURPOSE
The purpose o f these actual waste t e s t s i s two-fold. F i r s t , t h e t e s t s w i 11 v e r i f y t h a t use o f t h e simul ant accurately r e f l e c t s t h e equi 1 i brium and r a t e behavior o f t h e r e s i n compared t o actual wastes. Batch t e s t s and column t e s t s w i 11 be used t o compare equi 1 i brium behaviors and r a t e behaviors, r e s p e c t i v e l y . Second, t h e t e s t s w i l l a s s i s t i n c l a r i f y i n g t h e negative i n t e r a c t i o n s between t h e actual waste and t h e i o n exchange r e s i n , which cannot be e f f e c t i v e l y t e s t e d w i t h simul ant. Such i n t e r a c t i o n s i n c l u d e organic f o u l i n g o f t h e r e s i n and s a l t p r e c i p i t a t i o n i n t h e column. These e f f e c t s may a f f e c t t h e shape o f t h e column breakthrough curve. The r e d u c t i o n i n column s i z e a l s o may change t h e shape o f t h e curve, making t h e i n d i v i d u a l e f f e c t s even more d i f f i c u l t t o s o r t out. To simp1 i f y t h e evaluation, t h e changes due t o column s i z e must be e i t h e r understood o r eliminated.
This r e p o r t describes t h e determination of t h e column s i z e f o r actual waste t e s t i n g t h a t best minimizes t h e e f f e c t of scale-down. This e v a l u a t i o n w i l l provide a t h e o r e t i c a l basis f o r t h e dimensions o f t h e column. Experimental t e s t i n g i s s t i l l required before t h e f i n a l d e c i s i o n can be made.
SCOPE
This evaluation w i l l be confined t o t h e study o f CS-100 and R-F r e s i n s w i t h NCAW simulant and t o a l i m i t e d extent DSSF waste simulant. Only t h e cesium loading phase has been considered.
APPROACH
To determine t h e minimum s i z e o f column appropriate f o r cesium i o n exchange, several avenues w i 1 1 be pursued. F i r s t , past experimental work w i t h various sized columns w i l l be discussed. Both successful and unsuccessful col umn scal e-down attempts w i 1 1 be i n v e s t i gated. Theoret i cal work w i 1 1 then be presented f o r t h e system i n question here. To determine t h e minimum column size, two dimensions must be considered: column width and column length. The minimum column w i d t h w i l l be chosen such t h a t the effects of r a d i a l v e l o c i t y and concentration gradients become negl i g i b l e . The r a t i o n a l e behind t h e various r u l e s o f thumb f o r length t o diameter r a t i o (aspect r a t i o ) w i l l be i n v e s t i g a t e d i n t h e context o f small-column systems.
The minimum column l e n g t h w i l l be chosen such t h a t t h e effect o f dispersion, entrance 1 engths, and f i lm d i f f u s i o n mass t r a n s f e r become n e g l i g i b l e . The model o f column operation used t o i n v e s t i g a t e these e f f e c t s includes d i s p e r s i o n and mass t r a n s f e r terms. I t s parameters are based on work done by Kurath and colleagues (1994) t o experimentally f i t t h e l a b o r a t o r yscale 200 mL columns (See Appendix f o r d e s c r i p t i o n ) . F i n a l l y , a t e s t p l a n w i l l be proposed t o v a l i d a t e t h e conclusions o f t h i s t h e o r e t i c a l approach.
Information derived from t h e above approach suggests t h r e e sizes o f col umns: 1) t h e smallest from which equi 1 i brium and mass t r a n s f e r information can be derived without being skewed by such effects as channeling and r a d i a l gradients t h a t cannot be model l e d e a s i l y , 2) t h e s i z e r e q u i r e d t o o b t a i n r e s u l t s w i t h i n experimental e r r o r o f those produced w i t h t h e 200 mL c o l umn, and 3) t h e s i z e r e q u i r e d t o o b t a i n r e s u l t s i d e n t i c a l t o t h e 2000 L TWRS baseline column. I n Case 1, the breakthrough curves would t o be used i n conjunction w i t h a model t o compare w i t h t h e 200 mL column simul ant runs. The curves can a l s o be used t o understand column e q u i l i b r i u m behavior. I n Case 2, breakthrough curves can be compared d i r e c t l y between t h e actual waste column and t h e 200 rr~L column and w i 11 provide mass t r a n s f e r d i f f e r e n c e s between t h e simulated and actual waste. I n Case 3, d i r e c t scale-up t o t h e f u l l s i z e d column i s p o s s i b l e i f both are r u n a t t h e same residence t i m e ( c v l h r ) .
PAST SCALE-UP STUDIES
Small columns have been used successfully i n t h e past t o p r e d i c t t h e behavior o f l a r g e r scale columns f o r t h e West Val l e y Demonstration P r o j e c t . Removing cesium from a waste t h a t i s simi 1 a r t o NCAW, researchers produced breakthrough curves from a 200 mL simulant column and a 17 mL actual waste column ( I t z o 1987). Since t h e waste composition d i f f e r e d s l i g h t l y between t h e two columns, t h e r e a s h i f t i n t h e l o c a t i o n o f t h e breakthrough curves, however, t h e i r slopes a r e n e a r l y i d e n t i c a l (Figure 1 ). S i m i l a r i t y i n slope i n d i c a t e s t h a t t h e columns have s i m i l a r mass t r a n s f e r c h a r a c t e r i s t i c s and column scale-down was successful. When these same 200 mL column runs werecompared t o t h e f u l l scale 1700 L column, t h e r e s u l t s were n e a r l y i d e n t i c a l (Figure 2) . Therefore, even a 17 mL column could have been used t o scale up t h e col umns (Kurath 1989) .
Another example o f successful use o f small i o n exchangers t o p r e d i c t breakthrough curves was w i t h Savannah River S i t e (SRS) simul a n t (Bi b l e r , Wall ace and Bray 1990) . This waste i s a1 so very simi 1 a r t o NCAW. A 2 mL column (0.9 cm diameter) was loaded a t 3 c v l h r using R-F r e s i n . The breakthrough curve f o r t h i s col umn i s simi 1 a r t o -those p r e d i cted t h e o r e t i c a l l y . Using an i d e n t i c a l waste composition and 2 c v l h r , Bray (1990) produced 11 breakthrough curves w i t h a 200 mL of column. These curves a r e compared i n Figure 3 . Some o f t h e 200 mL column breakthrough curves e x h i b i t e d poor r e s u l t s . The reason has n o t been i d e n t i f i e d , b u t could be due t o channelling. Those curves have n o t been included here. Although t h e r e i s s i g n i f i c a n t v a r i a b i l i t y between Bray's and B i b l e r ' s data, t h e breakthrough curve from 2 mL column i s very s i m i l a r t o t h e breakthrough o f t h e -l a r g e r columns and i n some cases i s more i d e a l . This r e s u l t s suggests once again t h a t a small column can provide acceptable r e s u l t s .
B i b l e r a1 so studied t h e much more concentrated 101-AW simul a n t (1994). Unlike t h e o t h e r experiments run, t h i s simulant i s a concentrated form o f DSSF. Columns 2 and 10 mL i n volume were operated a t 10 c v l h r using R-F r e s i n ( Figure 4) . Unl i ke t h e o t h e r exampl es shown, t h e 2 mL c o l umn experienced a much e a r l i e r breakthrough than t h e 10 mL columns and appears t o have a lower d i s t r i b u t i o n c o e f f i c i e n t . Since both columns were run a t t h e same f l o w r a t e 
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- --- --- .-- 25°C 1.3~10-3M CS ' + 17mL,
Column Volumes
Fiqure 3. Comparison of Cesium Breakthrough Curves w i t h SRS ~i r n u l a n t Using a 2 mL a t 3 c v / h r and several 200 mL Columns a t 2 cv/hr. (Bi b l e r e t a1 . 1990 and Bray e t a1 . 1990) and w i t h t h e same simulant, t h e . d i f f e r e n c e must be t h e r e s u l t o f some n o n i d e a l i t y associated w i t h scale-down o r c h a n n e l l i n g . The h i g h f l o w r a t e may be r e s p o n s i b l e f o r these e f f e c t s . I n any case, scale-up may be d i f f i c u l t w i t h a 2 mL column under these c o n d i t i o n s .
COLUMN DIAMETER AND SHAPE
Col umn' diameter and shape are important considerations i n preventing channel 1 i ng and r a d i a1 concentrat i on and vel o c i t y gradients . Col umn d i ameter and shape w i l l a l s o impact t h e feed d i s t r i b u t i o n i n t h e column.
COLLIMN DIAMETER
Column diameters o f 20 t o 30 p a r t i c l e diameters have been used as a standard f o r determining t h e minimum s i z e f o r packed beds ( H e l f f e r i c h 1962; Smith 1981). These suggestions o r i g i n a l l y came from Schwartz and Smith (1953) and Fahi en and Smith (1955) . I n a study t o measure v e l o c i t y v a r i a t i o n s i n a packed bed, Schwartz and Smith found t h a t t h e peak v e l o c i t y occurs approximately 1 p a r t i c l e -d i a m e t e r away from t h e p i p e w a l l , due t o increased void f r a c t i o n near t h e w a l l . For columns o f l e s s than 30 p a r t i c l e diameters,
t h e peak v e l o c i t y i s 30 t o 100% higher than t h e v e l o c i t y a t t h e center o f t h e column. Fahien and Smith studied r a d i a l v a r i a t i o n s i n CO, concentration i n packed beds. They found t h a t t h e Peclet number1 increases from t h e center
towards t h e column w a l l . This increase i s s i g n i f i c a n t f o r columns l e s s than 20 p a r t i c l e diameters.
Both these experiments were performed a t Reynolds numbers between 10 and 1000; t h e actual waste columns w i l l have Reynolds numbers o f 0.001 t o 0.1. This d i f f e r e n c e may impact t h e use o f 20-30 p a r t i c l e diameters as a method o f determining column diameter. This i s e s p e c i a l l y t r u e since t h e l i t e r a t u r e work was performed i n t r a n s i t i o n f l o w (10 < Re < 1000) and t h e small column work w i l l be done i n laminar f l o w (Re < 10). The appl i c a b i l i t y o f these suggested diameters should be investigated.
I f 3 0 -p a r t i c l e-diameter columns are a c t u a l l y acceptable, a 1.0 cm diameter column could be used f o r the R-F r e s i n (0.34 mm mass-average diameter) and 1.9 cm i n diameter column could be used f o r t h e CS-100 r e s i n (0.63 mm mass-average d i ameter) .
where d, i s t h e p a r t i c l e diameter, u, i s t h e i n t e r s t i t i a l v e l o c i t y , and D, i s the r a d i a l dispersion.
BED ASPECT RATIO
A " r u l e o f thumb" developed by H e l f f e r i c h e t a1 . (1987) s t a t e s t h a t bed aspect r a t i o s (1ength:diameter) should be 2 t o 7. For l a r g e columns, t h e aspect r a t i o may be as low as 1. Columns w i t h aspect r a t i o s <1 tend t o perform p o o r l y because i t i s d i f f i c u l t t o d i s t r i b u t e t h e feed evenly over t h e area o f t h e bed when t h e r a t i o i s low. The tendency o f feed t o channel, e s p e c i a l l y down t h e middle of t h e column, w i l l r e s u l t i n an u n d e r -u t i l i z e d bed. For t h e smaller columns t h a t w i l l be used t o process a c t u a l waste, a channel may c o n s t i t u t e o n l y a few p o o r l y packed r e s i n beads. Therefore, these 4.0 COLUMN LENGTH Four factors must be considered i n determining t h e minimum column l e n g t h : 1) cesium d i s p e r s i o n i n t h e s h o r t e r column must n o t s i g n i f i c a n t l y change t h e shape o f t h e breakthrough curves, 2) t h e column l e n g t h must be s u f f i c i e n t t o provide adequate mass t r a n s f e r and hydrodynamic entrance 1 ength, 3) t h e column s i z e should not a f f e c t t h e r a t e of formation o f t h e constant wave shape, and (4) t h e v e l o c i t y i n t h e column must be l a r g e enough t h a t 1 i m i t i n g step o f t h e mass t r a n s f e r does n o t change d u r i n g scal e-down. spread i n t h e cesium concentration gradient as i t moves through t h e r e s i n beads. Dispersion w i l l r e s u l t i n e a r l i e r breakthrough and a widening o f t h e breakthrough curve. I n t h e case o f dispersion, t h e l e n g t h o f t h e columns i s t h e s i g n i f i c a n t parameter; column w i d t h has no e f f e c t . I t i s g e n e r a l l y s i g n i f i c a n t i n very s h o r t columns w i t h sharp breakthrough curves. Many i n v e s t i g a t o r s have studied d i s p e r s i o n i n packed beds.' A c o r r e l a t i o n was devel dped f o r d i spersi on using spherical p a r t i c l e s a t Reynol ds numbers down t o 0.003 (Chung and Wen, 1968) : where D, = t h e a x i a l dispersion, E = t h e bed p o r o s i t y , d~ = t h e p a r t i c l e diameter, u o = t h e i n t e r s t i t i a l v e l o c i t y , and Rep = t h e Reynolds number i n terms o f t h e r e s i n p a r t i c l e s .
The breakthrough curve f o r CS-100 r e s i n and NCAW simulant a t 1 c v l h r and various column lengths (see Table 1 ) were compared t o t h e 2000 L TWRS base1 i n e column. The breakthrough curves f o r 15, 20, 40 cm l o n g columns were very simi 1 a r t o t h a t -o f t h e 2000-L (136 cm) c o l umn (see Figure 5) . The s h o r t e r columns (1, 3, 5, and 10 cm) successively deviated from t h e l o n g e r columns w i t h t h e 1 cm column showing t h e g r e a t e s t d e v i a t i o n .
Flow r a t e , r e s i n type, and waste t y p e were v a r i e d t o e l u c i d a t e t h e i r e f f e c t on d i s p e r s i o n . Those v a r i a b l e s have much l e s s e f f e c t than column 1 ength on d i spersion-i nduced spreading o f t h e breakthrough curve.
Decreasing f l o w r a t e increased t h e e f f e c t o f d i s p e r s i o n . S i m i l a r l y , l o a d i n g waste w i t h CS-100 increased t h e e f f e c t o f d i s p e r s i o n over t h a t found w i t h R-F r e s i n .
Although t h e breakthrough curves f o r R-F and CS-100 w i t h DSSF were much l e s s sharp than those w i t h NCAW t h e effects o f d i s p e r s i o n as t h e y re1 a t e t o column scal e-down were simi 1 a r .
TABLE 1. Column Dimensions Studied Dispersion was a l s o s t u d i e d as i t r e l a t e s t o e l u t i o n . Since cesium r e t e n t i o n i s n o t favored d u r i n g e l u t i o n , t h e cesium c o n c e n t r a t i q n curve spreads as i t moves down t h e c o l umn (a "non-sharpeni ng" behavior) . Therefore, t h e a d d i t i o n a l curve spreading due t o d i s p e r s i o n i s i n s i g n i f i c a n t d u r i n g e l u t i o n (See Figure 6 ) . Carberry and Wendel (1963) i n v e s t i g a t e d t h e e f f e c t s o f a x i a l m i x i n g . T h e i r work suggests t h a t a x i a l d i s p e r s i o n should be n e g l i g i b l e f o r a a x i a l Peclet number o f 2 as l o n g as t h e bed depth exceeds 50 p a r t i c l e diameters. Lower Pecl e t numbers r e q u i r e 1 onger beds. The a x i a1
Peclet number f o r NCAW i s between 0.2 and 0.6 a t t h e column c o n d i t i o n s d e s c r i bed here.
Therefore, t h e bed depth must be s i g n i f i c a n t l y g r e a t e r than 50 p a r t i c l e diameters, which agrees w i t h t h e work presented above.
ENTRANCE LENGTH
The hydrodynamic and d i f f u s i o n entrance l e n g t h must be much smaller than t h e bed l e n g t h i n a column. I n t h e f u l l scale column t h i s i s undoubtedly t r u e . I n order f o r t h e smaller column t o d u p l i c a t e t h e r e s u l t s o f t h e 1 arger, t h e entrance length o f t h e smaller column must a l s o be completely developed w i t h i n a short distance i n t o the column. I f t h e Schmidt number2 i s l a r g e (approximately lo3 f o r t h e wastes studied here), t h e hydrodynamics impact t h e cesi um p r o f i l e much more profoundly than does molecular d i f f u s i o n . Therefore,
t h e hydrodynamic entrance 1 ength shoul d determi ne t h e r a t e o f devel opment f o r both t h e v e l o c i t y ) and t h e concentration p r o f i l e . To determine t h e hydrodynamic entrance length f o r laminar f l o w i n a tube, t h e f o l l o w i n g equation was developed (Incropera and DeWi tt 1985) :
where Re = t h e Reynolds number o f t h e c i r c u l a r tube, D = i t s diameter, and x = i s t h e e n t r y length.
Since t h i s expres'sion was not developed f o r a packed bed, two approaches can be taken: assume t h e e n t i r e column i s t h e diameter f o r t h e entrance l e n g t h (D) o r assume t h a t t h e i n t e r p a r t i c l e spacing i s t h e diameter f o r c a l c u l a t i n g t h e entrance length. The most reasonable approach would be t o assume t h a t t h e entrance length i s c o n t r o l l e d by i n t e r p a r t i c l e spacing.
Assuming a 0.06 cm diameter spacing, NCAW v i s c o s i t y o f 2.6 centistokes, a 1 cm long column, and 12 cv/hr flow rate, t h e entrance l e n g t h i s c a l c u l a t e d t o be approximately 3 microns. This i s much smaller than t h e column l e n g t h and --
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The Schmidt number i s defined as p/pD where p i s t h e v i s c o s i t y , p i s t h e density, and D i s t h e d i f f u s i v i t y . I t i s t h e r a t i o o f v i scous and d i f f u s i v e forces.
would be even more i n s i g n i f i c a n t f o r l a r g e r columns. Therefore, t h e e n t r y l e n g t h i s n o t important i n determining t h e l e n g t h o f t h e t e s t columns.
DEVELOPING WAVE SHAPE
As cesium loads on an i o n exchange column, a concentration g r a d i e n t forms i n t h e column. This concentration g r a d i e n t wave i s o r i g i n a l l y sharp, b u t tends t o spread as i t moves down t h e column. I f equi 1 i brium favors t h e l o a d i n g o f cesium onto t h e r e s i n , once t h i s wave i s established, i t w i l l n o t change i n w i d t h o r shape. If t h e isotherm i s very favorable, t h e curve w i l l approach a constant wave shape very q u i c k l y . I f however, t h e separation f a c t o r i s n o t large, t h e exchanger mass t r a n s f e r i s q u i t e slow, o r t h e f l o w r a t e i s high, t h e constant wave shape w i l l develop more slowly. I t may n o t develop before e x i t i n g t h e f i r s t column, and i t i n f a c t may r e q u i r e several columns i n s e r i e s ( o r one very l o n g column) t o reach t h e constant wave shape.
To determine i f t h e s c a l e of t h e column a f f e c t s t h i s development o f a constant wave shape, t h e model was run f o r 5 ion-exchange columns i n s e r i e s t o t r a c k t h e changing shape o f t h e breakthrough curve. A 2 cm l o n g column s e r i e s was compared t o a 40 cm l o n g column s e r i e s . CS-100 r e s i n and NCAW simulant
were used a t a flow r a t e of 6 c v l h r . I n o r d e r t o comp'are these column s e r i e s , a l l t h e breakthrough curves were s h i f t e d back i n time so t h a t t h e 50% breakthrough p o i n t f o r each column i s aligned.
As shown i n Figure 7 , n e i t h e r t h e 2 cm nor t h e 40 cm long column has completely reached e q u i l i b r i u m a f t e r t h e f i r s t column. I n fact, t h e columns approach equi 1 i brium o n l y a f t e r > 5 columns. Both t h e l a r g e and small column s e r i e s show s i m i l a r trends, i n d i c a t i n g t h a t t h e formation of a constant wave shape i s independent o f column s i z e . The small difference between t h e two sizes o f column i s be1 ieved t o be o n l y a f u n c t i o n of dispersion. Therefore, t h e attainment o f t h e constant wave shape i s n o t a concern w i t h regard t o scale-down. A t t h i s flow r a t e , even t h e f u l l -scale column w i 11 r e q u i r e mu1 t i p l e columns t o reach a constant wave shape.
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A t h i g h f l u i d v e l o c i t i e s , t h e r a t e o f i o n exchange i n a column i s c o n t r o l l e d by d i f f u s i o n o f cesium i n t h e p a r t i c l e phase. As a column i s scaled down a t constant residence time, s u p e r f i c i a l v e l o c i t y i s reduced. When t h e v e l o c i t y surrounding t h e p a r t i c l e s i s reduced, t h e concentration boundary l a y e r around t h e p a r t i c l e s increases and i o n i c d i f f u s i o n from t h e b u l k s o l u t i o n t o t h e p a r t i c l e surface becomes i ncreasi n g l y more important. A t very low v e l o c i t i e s , t h e mass t r a n s f e r due t o f i l m d i f f u s i o n may c o n t r o l t h e r a t e o f i o n exchange. To determine t h e influence o f these two f a c t o r s , t h e mass t r a n s f e r c o e f f i c i e n t f o r f i l m and p a r t i c l e d i f f u s i o n , r e s p e c t i v e l y were c a l c u l ated u s i ng t h e f o l 1 owi ng c o r r e l a t i ons :
I n these c o r r e l a t i ons,
f u s i v i t y i n t h e l i q u i d , D~ = t h e d i f f u s i v i t y i n t h e s o l i d phase, v
= t h e s u p e r f i c i a l v e l o c i t y , and 4 = t h e p a r t i c l e diameter (Perry and Chi 1 ton, 1973).
Using t h e sum o f t h e i r resistances, an o v e r a l l mass t r a n s f e r c o e f f i c i e n t can be determi ned .
The d i f f u s i v i t y o f cesium i n t h e l i q u i d and s o l i d phase a r e two parameters t h a t must be determined. The l i q u i d d i f f u s i v i t y was assumed t o ' b e constant w i t h respect t o i o n i c concentration. A value o f 1.2 x cmtlmin
was used based on t h e s e l f -d i f f u s i v i t y o f potassium i n a 4M_ s o l u t i o n o f KC1 (Bruins 1929) . The particle-phase d i f f u s i v i t y of t h e r e s i n s was determined i n one o f two ways: 1) batch k i n e t i c t e s t s performed a t Sandia National Laboratory (SNL) and PNL (unpublished data) and 2) f i t t i n g column t e s t s performed a t PNL (Kurath e t a l . 1994). I n both cases i t must be assumed t h a t p a r t i c l e d i f f u s i o n l i m i t s mass t r a n s f e r . Values of 2 x 10" cm2/min and 1.4 x 10'~ cm2/min were used f o r NCAW simulant on R-F and CS-100, r e s p e c t i v e l y .
The mass t r a n s f e r c o e f f i c i e n t f o r f i l m , p a r t i c l e and o v e r a l l mass t r a n s f e r c o e f f i c i e n t were c a l c u l a t e d f o r CS-100 and R-F r e s i n s w i t h NCAW simulant (Table 2 ). These r e s u l t s shown t h a t t h e importance o f f i l m d i f f u s i o n v a r i e s i n v e r s e l y w i t h column s i z e . The 2000 L column has no f i l m d i f f u s i o n influences w h i l e f i l m d i f f u s i o n l i m i t a t i o n s s i g n i f i c a n t l y impact t h e mass t r a n s f e r i n t h e small column. Breakthrough curves model l e d from these mass .
t r a n s f e r c o e f f i c i e n t s a r e
compared t o t h e c o n d i t i o n s w i t h o u t f i l m d i f f u s i o n l i m i t a t i o n s ( d e v i a t i o n i s caused o n l y by dispersion)
. Figure 8 shows t h e breakthrough curve f o r CS-100 w i t h NCAW a t a f l o w r a t e o f 6 c v l h r . Figure 9 shows t h e breakthrough curve f o r R-F r e s i n ( a l s o 6 c v l h r ) . Because t h e e f f e c t s of d i s p e r s i o n and mass t r a n s f e r on t h e curves a r e s i m i l a r (steeper breakthrough curve w i t h i n c r e a s i n g column l e n g t h ) , they w i l l be d i f f i c u l t t o separate. I n both cases, d i s p e r s i o n appears t o have a l a r g e r e f f e c t on t h e slope o f t h e breakthrough curve than f i l m d i f f u s i o n 1 i m i t a t i o n s .
I f these c a l c u l a t i o n s a r e c o r r e c t , a 15 cm l o n g column w i 11 produce breakthrough curves t h a t a r e probably w i t h i n experimental e r r o r o f t h e f u l lscale column. I f r e s u l t s i d e n t i c a l t o t h e f u l l s c a l e column a r e required, even t h e 40 cm column (200 rnL) used i n previous studies would n o t be s u f f i c i e n t s i n c e both d i s p e r s i o n and mass t r a n s f e r continues t o a f f e c t t h e shape o f t h e breakthrough curve. I t n o t c l e a r what impact DSSF w i l l have on t h e r e q u i r e d s i z e o f t h e i o n exchange column. As mentioned previously, t h e e f f e c t s o f d i s p e r s i o n should be s i m i l a r f o r both DSSF and NCAW. Preliminary r e s u l t s f o r Kurath (1994) seem t o i n d i c a t e t h a t f i l m d i f f u s i o n could be more s i g n i f i c a n t than p a r t i c l e d i f f u s i o n f o r DSSF. T h e o r e t i c a l l y , t h i s should n o t be t h e case since t h e chemical and physical p r o p e r t i e s o f DSSF a r e n o t very d i f f e r e n t from those o f NCAW. I f DSSF i s indeed l i m i t e d by f i l m d i f f u s i o n , l a r g e r columns would be r e q u i r e d f o r DSSF than NCAW i n order t o o b t a i n r e s u l t s s i m i l a r t o t h e f u l l s c a l e column.
Further experimental work should be performed t o address t h i s d i screpancy . 5.0 CONCLUSIONS Based on t h e above analysis, o b t a i n i n g a breakthrough curve from which equi 1 i brium and 1 i m i t e d mass t r a n s f e r i n f o r m a t i o n can be derived r e q u i r e s t h a t t h e w i d t h o f t h e column should be a t l e a s t 30 p a r t i c l e diameters. This diameter should prevent channel 1 i n g and reduce t h e r a d i a1 concentration and v e l o c i t y gradients. To prevent s i g n i f i c a n t impact due t o poor feed d i s t r i b u t i o n , t h e column aspect r a t i o should be approximately 1. Thus t h e minimum column diameter and h e i g h t a r e 1 cm (0.78 mL) f o r R-F r e s i n and 1.9 cm (5.4 mL) f o r CS-100.
Time (min) FIGURE 8. Model Developed Cesium Breakthrough Curves w i t h CS-100 f o r Columns o f Various Lengths. The Curves D i s p l a y t h e E f f e c t s o f F i l m D i f f u s i o n Mass T r a n s f e r L i m i t a t i o n s (MTL) as Compared t o Runs w i t h D i s p e r s i v e E f f e c t s Only. Data a t 6 c v l h r w i t h NCAW.
These a r e t h e minimum allowable column sizes. The breakthrough from these columns should provide information about t h e e q u i l i b r i u m behavior o f t h e a c t~~a l waste and t h e e f f e c t s o f organics and p r e c i p i t a t i o n i n t h e column feed.
With model i ng and experimental l y determined d i spersion and d i f f u s i o n c o e f f i c i e n t s , these breakthrough curves may be successfully compared t o t h e r e s u l t s obtained w i t h t h e 200 mL column and t h e mass t r a n s f e r c o e f f i c i e n t s determined.
To o b t a i n breakthrough curves t h a t r e p l i c a t e t h e performance of t h e
200 mL column, a s l i g h t l y l a r g e r column would be r e q u i r e d . Such a column would permit comparison o f t h e r e s i n mass t r a n s f e r using actual waste w i t h t h e simulant, i n a d d i t i o n t o t h e e f f e c t s described above. Based on t h e r e s u l t s o f t h i s analysis, a 15 cm long column may be s u f f i c i e n t t o p r o v i d e such data f o r NCAW a t 6 c v l h r . Higher f l o w r a t e would a l l o w a s l i g h t l y smaller column, and lower flow r a t e s would r e q u i r e a s l i g h t l y l a r g e r column. A t t h e minimum diameter t o prevent channel 1 ing, a 12-mL column can be used w i t h R-F and a 42-mL column w i t h CS-100.
I f a breakthrough curve i s r e q u i r e d t h a t i s identical t o t h e 2000 L
column proposed by TWRS, t h e e f f e c t s of d i s p e r s i o n and f i l m mass t r a n s f e r i n t h e column must be n e g l i g i b l e . I n t h i s case, even t h e 200 mL column s t u d i e d p r e v i o u s l y may n o t be 1 arge enough t o e l i m i n a t e these effects.
The above work has focused on NCAW. DSSF, a1 though chemical l y q u i t e s i m i l a r t o NCAW, appears t o have a much slower r a t e o f i o n exchange. To resolve concerns and correctly propose a column s i z e for DSSF further experimental work i s requi red.
RECOMMENDED EXPERIMENTAL WORK
The t h e o r e t i c a l treatment presented herein should p r o v i d e a s t a r t i n g p o i n t f o r t h e experimental work t o v e r i f y t h e c o r r e c t column s i z e . Since most o f t h e t h e o r e t i c a l work was done w i t h NCAW simulant and s i g n i f i c a n t i o n exchange data e x i s t s f o r NCAW, t h e i n i t i a l experimental work should use t h i s simulant. The i n i t i a l f l o w r a t e should be 6 c v l h r t o correspond t o t h e r e s u l t s o f t h i s study. A d e c i s i o n should be made as t o whether t h e column t e s t s should g i v e a we1 1-formed curve ( s i g n i f i c a n t elements o f f i l m d i f f u s i o n as t h e r a t e c o n t r o l 1 i n g step), breakthrough s i m i l a r t o a 200 mL column (elements o f both f i l m and p a r t i c l e c o n t r o l 1 ed mass t r a n s f e r ) , o r a breakthrough curve i d e n t i c a l t o t h e 2000 L column ( p r i m a r i l y o r e x c l u s i v e l y p a r t i c l e d i f f u s i o n c o n t r o l l e d mass t r a n s f e r ) . Studies should a1 so be performed on DSSF simulant. A s i m i l a r approach t o those used f o r NCAW should.
be taken, although t h e f l o w r a t e should be reduced t o 3 c v l h r t o o b t a i n improved breakthrough curves.
To v e r i f y t h e column s i z e r e q u i r e d f o r a we1 1 formed breakthrough, t h e experimental work shoul d i n c l ude t h e f o l 1 owing:
The column diameter should be a minimum o f 30 p a r t i c l e diameters. This corresponds t o > 1 cm f o r R-F r e s i n and > 1.9 cm f o r CS-100. For conservatism d u r i n g i n i t i a l t e s t s , l a r g e r diameters can be used t o assure no c h a n n e l l i n g i s occurring.
During i n i t i a l t e s t i n g , t h e h e i g h t of t h e r e s i n i n t h e column should be n o t l e s s than t h e column diameter. To f u r t h e r prevent channel1 ing, t h e r e s i n bed should be as uniform as p o s s i b l e and be backwashed p r i o r t o use.
I f t h e d i s t r i b u t i o n c o e f f i c i e n t s aremuch l o w e r t h a n expected, channeling i s probably o c c u r r i n g and diameter and l e n g t h o f t h e column should be increased. I f t h e slope o f t h e breakthrough curve i s unacceptably 1 ow, t h e c o l umn 1 ength shoul d be i ncreased.
I f t h e breakthrough curve i s i d e n t i c a l t o t h a t o f t h e 200 mL column, t h e c o l umn l e n g t h and diameter should be reduced p r o p o r t i o n a l l y t o determine t h e minimum column s i z e .
To v e r i f y t h e column s i z e r e q u i r e d f o r breakthrough t h a t rep1 i c a t e s t h e performance o f t h e 200 mL column, t h e experimental work should i n c l u d e t h e f o l 1 owing :
The column diameter should be a minimum of 30 p a r t i c l e diameters. This corresponds t o > 1 cm f o r R-F r e s i n and > 1.9 cm f o r CS-100. For conservatism during i n i t i a l t e s t s , l a r g e r diameters can be used t o assure no channel1 i n g i s occurring.
The h e i g h t o f t h e r e s i n i n t h e column should i n i t i a l l y be t e s t e d a t 15 cm f o r both CS-100 and R-F r e s i n s .
If t h e breakthrough curve i s w e l l formed b u t has a lower slope than t h e 200-mL column curve, use p r o g r e s s i v e l y longer columns up t o t h e bed h e i g h t of t h e proposed f u l l -scale u n i t t o i d e n t i f y t h e p o i n t a t which t h e r e s u l t s a r e approach those of t h e 200 mL and t h e 2000 L column I f t h e breakthrough curve i s i d e n t i c a l t o t h a t of t h e 200 mL column, reduce t h e 1 ength p r o g r e s s i v e l y t o i d e n t i f y t h e minimum c o l umn 1 ength. 
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